Metal-organic framework (MOF) compounds consisting of terephthalic acid and cations (Cr 3 , In 3 , Al 3 , Cu 2 and Zn 2 ) were prepared by the hydro-and solvo-thermal methods and characterized by XRD, N2 adsorptiondesorption isotherm, TG-DTA and FE-SEM. The prepared MOFs were crystalline and phase-pure. MOFs were used as column packings for chromatographic separation of alkylbenzenes. MOFs recognized differences in molecular sizes in addition to boiling points of alkylbenzenes. Activation energy for diffusion in the MOF micropores ranged from 25 to 60 kJ mol -1
Introduction
Crystalline metal-organic framework (MOF) compounds have recently attracted much attention because of their unique properties such as crystalline and microporous structure and high thermal stability up to around 400 1) 3) . Generally, MOF compounds are prepared with a multi-valent metal cation in the corner position and di-or tri-carboxylic acids as a bridging unit (linker) 4) . MOFs of desired physical and chemical properties may be designed and synthesized by using various metal cations and carboxylic acids 3) . MOFs with unique properties have potential for various applications such as adsorbents, catalysts, and so on. In particular, MOFs are expected to act as lightweight hydrogen storage materials 5) 9) due to their extremely high specific surface areas reaching to 6000 m 2 g -1 . Recently, MOFs have been studied as catalysts 10) 12) and widely reviewed 13) 16) . MOFs have also been tested for separation of aromatics 17) 20) and aliphatic hydrocarbons 21) 23) . Investigation of adsorption and diffusion of benzene on chromiumbased MOF identified the diffusivity coefficient and activation energy for diffusion 24) . The present study prepared MOFs with pore sizes smaller than 1 nm for use as materials for chromatographic separation. The separation mechanism was investigated in detail.
Experimental

1. Preparation of MOFs
Typically, 8.0 mmol of Cr(NO3)3 9H2O, 24 mmol of terephthalic acid (TPA) and 120 mL of distilled water were placed in a 200 mL autoclave. After stirring at 150 rpm for 30 min, the temperature was increased to 180 at 2.5 min -1 and held at this temperature for 12 h. After cooling to room temperature, the product was filtered off, washed with distilled water and dried at 70 . To remove un-reacted TPA, the product was washed with N,N-dimethyl formamide (DMF) and then with distilled water. Finally, the product was treated at 250 for 1 h under N2 flow. The final product was 1.91 g of deep green solid, TPA _ Cr (theoretical yield 2.39 g). Similarly, TPA _ In, TPA _ Cu, TPA _ Al and T PA _ Z n w e r e p r e p a r e d u s i n g I n ( N O3)3 3H2O , Al(NO3)3 9H2O, Cu(NO3)2 3H2O and Zn(NO3)2 6H2O as metal sources, respectively. DMF was used as the solvent during solvothermal treatment, because of the instability of products under hydrothermal conditions.
Characterization
Crystal structure was analyzed by X-ray diffraction spectroscopy (XRD; Rigaku Corp., RINT 2000) using Cu Kα radiation at 40 kV and 20 mA. The specific surface area and pore-size distribution were measured by conventional N2 adsorption-desorption isotherm analysis (Bel Japan Inc., BELSORP-mini II). Specific surface area was calculated by the BET method. Poresize distributions were calculated by the BJH method for the mesopore region, and MP method, SF method and HK method for the micropore region. Before measurement, the materials were dried at 250 for 1 h under N2 stream. Thermogravimetric analysis and differential thermal analysis (TG-DTA) were carried out using a DTG-60H (Shimadzu Corp.) under air flow of 100 mL min -1 and heating rate of 10 min -1 from room temperature up to 800 . Morphology of various MOF particles was observed with field-emission scanning electron microscopy (FE-SEM; JEOL Ltd., JSM-6700) at 10 kV and 10 μA.
3. C h r o m a t o g r a p h i c S e p a r a t i o n o f
Alkylbenzenes MOF was pulverized and sieved to under 100 mesh and placed in a Pyrex glass column (O. D. 5 mm, I. D. 3 mm). The bed length of MOF was 20 mm and both ends were stopped with quartz glass wool plugs. The front end was connected to the line from the heated injection port and the other end was connected to the thermal conductivity detector of a gas chromatograph. Nitrogen was fed as a carrier gas at 25 mL min -1 or 85 mL min -1 (STP). At first, MOF was pre-treated in-situ at 200 for 1 h before pulse injection of 0.20 μL of each probe molecule with a microsyringe. Temperatures at the injection port and detector were 240 and column temperature varied between 150 and 220 . Retention time (peak top time) was used for the following analyses.
Results and Discussion
1. Characterization of MOFs
The XRD patterns and thermogravimetric profiles (TG-DTA) of the five MOFs are shown in Figs. 1 and 2 25) and therefore the low peak intensities may be due to the small crystallite size.
Very sharp weight decrease behavior during the heat treatment was observed for each of the MOFs (Fig. 2) , suggesting that the purity was very high. The purity of MOFs cannot be measured directly by the absolute amount of weight decrease because of the possible formation of various products such as oxides, carbonates and oxycarbonates according to the decomposition pathways of the MOFs. Even decomposition to metal may be considered. The thermal stability of TPA _ Cu was the lowest, but the other MOFs were stable at 300 or higher temperatures.
From the N2 adsorption-desorption isotherm analyses (Fig. 3) Cu and TPA _ Zn analyzed by the MP method were 0.9, 0.7, 0.6, 0.6 and 0.6 nm, respectively. Because of our instrumental limitations, the values of these average pore sizes may not be precise but can be compared relatively. Evaluation of the micropore size is discussed The particle size of TPA _ Cr was the smallest, which is probably related to the small XRD diffraction intensities shown in Fig. 1 TPA _ Al (trivalent cation, 0.6 nm) and TPA _ Cr (trivalent cation, 0.9 nm) were compared as column packings (Figs. 5 and 6) . Retention times of the probe molecules were different. Benzene was eluted at the shortest retention time of 0.6 min, which was more than three times longer than that on Na _ TPA/SiO2 _ Al2O3. The retention time of each molecule was longer for TPA _ Al with smaller micropores than for TPA _ Cr. Therefore, probe molecules diffused through the micropores of the MOFs. Table 1 
The order of retention time differed for some MOFs, which requires more study to clarify the precise pore sizes and the interaction between MOFs and probe molecules in the future.
To understand the separation mechanism, the dependence of the retention time on temperature was examined with five MOFs using benzene and toluene as probe molecules. Figures 7-10 indicate the temperature dependences for TPA _ Cu as a typical example. Similar dependences were observed for other MOFs. As the temperature was raised, the retention time became shorter. If the phenomenon is based on diffusion, diffusivity coefficient depends on the temperature as follows; DT D0exp( Ea/RT), where DT is the diffusivity coefficient (D) at absolute temperature T, D0 is D at a defined temperature, Ea is the activation energy for diffusion and R is the gas constant 26) . We assumed that the retention time is proportional to 1/D, and plots for 1/T versus ln(1/retention time) are given in Figs. 9 and 10. A linear relationship was observed and the apparent activation energy Ea (kJ mol -1 ) for diffusion was calculated from the slope ( Table 2 TPA _ Zn and a typical result for TPA _ Zn is shown in Fig. 11 . This finding suggests that the structure is rigid and stable at least up to 250 and this result is consistent with that of Fig. 2 . In the case of TPA _ Cu (Fig. 12) , the three main peaks at 2θ 10, 17 and 25º retained their positions and intensities. However, peak intensities decreased between 200 and 250 . Small changes in peak positions and intensities could be observed for smaller peaks at 2θ 12º and 20.5º, suggesting that some corner cations were shifting their positions, but the bulk structure remained unchanged. Therefore, the main structure was stable up to about 230 and this result coincides with that of TG-DTA analysis (Fig. 2) . The XRD pattern of Cu(tpa)·(dmf), MOF prepared from Cu(NO3)2 and TPA in DMF, changed between 160 and 170 due to loss of DMF coordinated to Cu 2 27) . However, this is not true in our case because our TPA _ Cu was heat-treated at 250 in the preparation procedure.
A very different result was observed for TPA _ Al (Figs. 13 and 14) . The peak position of the main peak at 2θ 9.2º shifted to a lower diffraction angle and the intensity increased with temperature. This may suggest that the crystallinity of TPA _ Al was increased by releasing solvent DMF remaining in the micropores. However, this idea may be ruled out because TG-DTA analysis (Fig. 2) indicated no substantial weight decrease until decomposition. The structure of heattreated TPA _ Al did not change on repeated heat treatment (Fig. 14) . In summary, for the temperature dependence of MOF structure, pre-heat-treated MOFs maintain their structure during temperature change. In particular, the above results of the chromatographic elution experiments were obtained for MOFs pre-treated at 200 , so the discussion above continues to be valid.
Here, we would like to discuss in more detail the relationships among the retention times for benzene and toluene, the average pore size by N2 adsorptiondesorption isotherm analysis, the reported pore size 28) 33) , and the d-spacing (layer-to-layer distance) obtained from X-ray diffraction peaks ( Table 3) . In addition to the MP method, the micropore size was evaluated by the SF method assuming cylindrical pores and the HK method assuming slit-type pores. As the differences in the micropore sizes were not significant among the three methods, the following discussion is tentatively based on the micropore sizes measured by the MP method. The pore sizes measured by N2 adsorption-desorption and previously reported, and the d-spacing do not correspond well to each other. However, roughly speaking, the pore sizes are large with short retention times, like those for TPA _ Zn and TPA _ In. TPA _ Cu is an exception; from the average pore size and d-spacing, the retention times were estimated to be longer than those for TPA _ Al. If the reported pore size of 2.14 nm is accepted 29) , the relationship may be better understood. However, the reported N2 adsorption-desorption isotherm 29) is very different from ours ( Fig. 3 d) ) and the clearly observed hysteresis contradicts our plateau isotherm in the corresponding pressure region. Thus, the pore size of 2.14 nm cannot be adopted for discussion. Presently, we suppose some specific interaction between TPA _ Cu and probe molecules, because it is well known that DMF, the solvent used for preparation, remains coordinated 28) , suggesting the presence of coordinatively unsaturated sites and the possibility of the interaction.
In summary, we can say that the diffusion of alkylbenzenes in MOF is mainly controlled by the pore size, and the interaction between probe molecules and MOF may persist for the retention time.
Conclusions
Metal-organic framework compounds consisting of terephthalic acid and cations such as Cr 3 , In 3 , Al 3 , Cu 2 and Zn 2 were prepared by the hydro-and solvothermal methods. XRD, N2 adsorption-desorption isotherm, thermogravimetric analysis and FE-SEM indicated that prepared MOFs were crystalline, phasepure and contained micropores of 0.6 to 0.9 nm. Chromatographic separation of various alkylbenzenes was studied. From the analysis based on the retention time and temperature, the main cause of separation was diffusion and the interaction between probe molecules and MOFs, and the activation energy for the diffusion was less than 60 kJ mol -1 . As no expansion or contraction of MOFs was observed on temperature change, the structures of the MOFs were stable and rigid up to 230 . 
